The purpose of the present paper is to study the neutrino properties as they may appear in the low energy neutrinos emitted in triton decay:
with maximum neutrino energy of 18.6 KeV . This process has previously been suggested [11] as a means of studying heavy neutrinos like the now extinct 17KeV neutrino. The detection will be accomplished employing gaseous Micromegas,large TPC (Time Projection Counters) detectors with good energy resolution and low background [12] . In addition in this new experiment we hope to observe or set much more stringent constraints on the neutrino magnetic moments. This very interesting question has been around for a number of years and it has been revived recently [13] - [16] . The existence of the neutrino magnetic moment can be demonstrated either in neutrino oscillations in the presence of strong magnetic fields or in electron neutrino scattering. The latter is expected to dominate over the weak interaction in the triton experiment since the energy of the outgoing electron is very small. Furthermore the possibility of directional experiments will provide additional interesting signatures. Even experiments involving polarized electron targets are beginning to be contemplated [17] . There are a number of exciting studies, of fundamental physics issues, that could be made using a large volume TPC and low energy antineutrinos:
• The oscillation length is comparable to the length of the detector. Measuring the counting rate of neutrino elastic scattering as function of the distance of the source will give a precise and unambiguous measurement of the oscillation parameters free of systematic errors. First estimations show that a sensitivity of a few percent for the measurement of sin 2 θ 13 .
• The low energy detection threshold offers a unique sensitivity for the neutrino magnetic moment, which is about two orders of magnitude beyond the current experimental limit of 10 −10 µ B . In our estimates below we will use the optimistic value of 10 −12 µ B .
• Scattering at such low neutrino energies has never been studied before. In addition one may exploit the extra signature provided by the photon in radiative electron neutrino scattering. As a result any departure from the expected behavior may be an indication of physics beyond the standard model.
In the following we will present a summary of various theoretical studies and possible novel measurements
Neutrino masses as extracted from various experiments
At this point it instructive to elaborate a little bit on the neutrino mass combinations entering various experiments.
• Cosmological Constraints. We get [18, 19] :
(Majorana neutrinos). The limit becomes 1.05 eV without the Ly-α forest data For Dirac neutrinos the value of the upper limit is half the above.
• Neutrino oscillations. These in principle, determine the mixing matrix and two independent mass-squared differences, e.g. ∆m 1. the scale of the masses, e.g. the lowest eigenvalue m 1 and 2. the two relative Majorana phases.
• The end point triton decay.
This can determine one of the masses, e.g. m 1 by measuring:
Once m 1 is known one can find
provided, of course that the mixing matrix is known. Since the Majorana phases do not appear, this experiment cannot differentiate between Dirac and Majorana neutrinos. This can only be done via lepton violating processes, like:
• 0νββ decay.
This provides an additional independent linear combinations of the masses and the Majorana phases.
• and muon to positron conversion.
This also provides an additional relation
Thus the two independent relative CP phases can in principle be measurable. So these three types of experiments together can specify all parameters not settled by the neutrino oscillation experiments.
Anyway from the neutrino oscillation data alone we cannot infer the mass scale. Thus the following scenarios emerge 1. the lightest neutrino is m 1 and its mass is very small. This is the normal hierarchy scenario.
Then: ∆m
2. The inverted hierarchy scenario. In this case the mass m 3 is very small. Then:
3. The degenerate scenario. In such a situation all masses are about equal and much larger than the differences appearing in neutrino oscillations. In this case we can obtain limits on the mass scale as follows:
• From triton decay. Then [20] 
This limit is expected to substantially improve in the future [21] .
• From 0ν ββ decay. The analysis now depends on the mixing matrix and the CP phases of the Majorana neutrino eigenstates [1] (see discussion below). The best limit coming from 0ν ββ decay is:
for relative CP phase of the two strongly admixed states is 0 and π respectively. These limits are going to greatly improve in the next generation of experiments, see e.g. the review by Vergados [1] and the experimental references therein.
3 Elastic electron neutrino scattering.
The elastic neutrino electron scattering, which has played an important role in physics [22] , is very crucial in our investigation, since it will be employed for the detection of neutrinos. So we will briefly discuss it before we embark on the discussion of the apparatus. Following the pioneering work of 't Hooft [23] as well as the subsequent work of Vogel and Engel [13] one can write the relevant differential cross section as follows:
We ignored the contribution due to the neutrino charged radius. We will not consider separately the scattering of electrons bound in the atoms, since such effects have recently been found to be small [24] . The cross section due to weak interaction alone takes the form [13] :
For antineutrinos g A → −g A . To set the scale we see that
In the above expressions for the ν µ , ν τ only the neutral current has been included, while for ν e both the neutral and the charged current contribute. The second piece of the cross-section becomes:
where in the mass basis µ 2 l takes the form
for Dirac and Majorana neutrinos respectively. For the definition of c and s see sec. 5 below. In the case of Dirac neutrinos the off diagonal elements of the magnetic moment were meglected. The angle α CP is the relative CP phase of of the dominant neutrino Majorana mass eigenstates present in the electronic neutrino. The contribution of the magnetic moment can also be written as:
The quantity σ 0 sets the scale for the cross section and is quite small, σ 0 = 2.5 × 10 −25 b. The electron energy depends on the neutrino energy and the scattering angle and is given by:
For E ν = 18.6 KeV one finds that the maximum electron kinetic energy approximately is [12] :
Integrating the differential cross section between 0.1 and 1.27 KeV we find that the total cross section is:
It is tempting for comparison to express the above EM differential cross section in terms of the weak interaction, near the threshold of 0.1KeV , as follows:
The parameter ξ 1 essentially gives the ratio of the interaction due to the magnetic moment divided by that of the weak interaction. Evaluated at the energy of 0.1KeV it becomes:
Its value, of course, will be larger if the magnetic moment is larger than 10 −12 µ B . Anyway the magnetic moment at these low energies can make a detectable contribution provided that it is not much smaller than 10 −12 µ B . In many cases one would like to know the difference between the cross section of the electronic neutrino and that of one of the other flavors, i.e.
with ν α is either ν µ or ν τ ). Then from the above expression for the differential cross-section one finds:
For antineutrinos the above equation is slightly modified to yield
Specializing Eq. 6 in the case of the antineutrino-electron scattering we get:
This last equation can be used to measure sin 2 θ W at very low momentum transfers, almost 30 years after the first historic measurement by Reiness, Gur and Sobel [22] . In the present experiment we will measure the differential cross section as a function of T , which is a essentially a straight line. With sufficient statistics we expect to construct the straight line sufficiently accurately, so that we can extract sin 2 θ W both from the slope and the intercept achieving high precision. We should mention that the present method does not suffer from the well known supression of the weak charge associated with other low energy processes [25] including the atomic physics experiments [26, 27] . This is due to the fact that the dependence on the Weinberg angle in these experiments comes from the neutral current vector coupling of the electron and/or the proton, involving the combination 1 − 4 sin 2 θ W ≈ 0.1. Thus in our approach it may not be necessary to go through an elaborate scheme of radiative corrections (see the recent work by Erler et al [28] and references therein).
Experimental considerations
In this section we will focus on the experimental considerations One of the attractive features of the gaseous TPC is its ability to precisely reconstruct particle trajectories without precedent in the redundancy of experimental points, i.e. a bubble chamber quality with higher accuracy and real time recording of the events. Many proposals are actually under investigation to exploit the TPC advantages for various astroparticle projects and especially solar or reactor neutrino detection and dark matter search [29] - [32] . A common goal is to fully reconstruct the direction of the recoil particle trajectory, which together with energy determination provide a valuable piece of information. The virtue of using the TPC concept in such investigations has been now widely recognized and a special International Workshop has been recently organized in Paris [33] . The study of low energy elastic neutrino-electron scattering using a strong tritium source was envisaged in by Bouchez and Giomataris [34] employing a large volume gaseous cylindrical TPC. We will present here an alternate detector concept with different experimental strategy based on a spherical TPC design. A sketch of the principal features of the proposed TPC is shown in Fig. 1 . For a more detailed description of the apparatus, including the neutrino source, the gas vessel and detailed study of the detector [38, 39] , [40, 41] including a discussion of MICROMEGAS (MICROMEsh GAseous Structure) [42, 43, 44] the reader is referred to our previous work [45] .
Our approach is radically different from all other neutrino oscillation experiments in that it measures the neutrino interactions, as a function of the distance source-interaction point, with an oscillation length that is fully contained in the detector; it is equivalent to many experiments made in the conventional way where the neutrino flux is measured in a single space point. Furthermore, since the oscillation length is comparable to the detector depth, we expect an exceptional signature: a counting rate oscillating from the triton source location to the depth of the gas volume, i.e. at first a decrease, then a minimum and finally an increase. In other words we will have a full observation of the oscillation process as it has already been done in accelerator experiments with neutral strange particles (K 0 ).
To summarize:
• The aim of the proposed detector will be the detection of very low energy neutrinos emitted by a strong tritium source through their elastic scattering on electrons of the target. • The (ν, e) elastic differential cross section is the sum of the charged and neutral current contributions (see sec. 3) and is a function of the energy. It is, however, it is quite small, see Eq.
.
• Integrating this cross section up to energies of 15 KeV we get a very small value, σ = 0.4 × 10 −47 cm 2 . This means that, to get a significant signal in the detector, for 200 Mcurie tritium source (see next section) we will need about 20 kilotons of gaseous material.
• The elastic (ν, e) cross section, being dominated by the charged current, especially for low energy electrons (see Fig. 19 below), will be different from that of the other flavors, which is due to the neutral current alone. This will allow us to observe neutrino oscillation enabling a modulation on the counting rate along the oscillation length. The effect depends on the electron energy T as is shown in sec. 5
We assume a spherical type detector, described in the previous section, filed with Xenon gas at NTP and a tritium source of 20 kg, providing a very-high intensity neutrino emission of 6 × 10 18 /s. The Monte Carlo program is simulating all the relevant processes:
• Beta decay and neutrino energy random generation
• Oscillation process of ν e due to the small mixing θ 13 (see Eq. 14 below).
• Neutrino elastic scattering with electrons of the gas target
• Energy deposition, ionization processes and transport of charges to the Micromegas detector.
First Monte Carlo simulate are giving a resolution of better than 10 cm, which is good enough for our need. In Fig. 2 the energy distribution of the detected neutrinos, assuming a detection threshold of 200 eV, is exhibited. The energy is concentrated around 13 keV with a small tail to lower values. In Figs 5 and 6 below we show the number of detected elastic events as function of the distance L in bins of one meter for several hypothesis for the value of the mixing angle θ 2 13 = 0.170, 0.085 and 0.045. We observe a decreasing of the signal up to about 6.5 m and then a rise. Backgrounds are not yet included in this simulation but the result looks quite promising; even in the case of the lowest mixing angle the oscillation is seen, despite statistical fluctuations. We should point out that in the context of this experiment complete elimination of the backgrounds is not necessary. It is worth noting that:
• A source-off measurement at the beginning of the experiment will yield the background level to be subtracted from the signal.
• Fitting the observed oscillation pattern will provide, for the first time, a stand alone measurement of the oscillation parameters, the mixing angle and the square mass square difference.
• Systematic effects due to backgrounds or to bad estimates of the neutrino flux, which is the main worry in most of the neutrino experiments, are highly reduced in this experiment.
A simple phenomenological neutrino mixing matrix-Simple expressions for neutrino oscillations
The available neutrino oscillation data (solar [4] and atmospheric [3] )as well as the KamLAND [5] results can adequately be described by the following matrix:
Up to order δ 2 (δ 2 = 4 × 10 −2 ). Sometimes we will use θ 13 instead of δ. Knowledge of this angle is very crucial for CP violation in the leptonic sector, since it may complex even if the neutrinos are Dirac particles. In the above expressions we have not absorbed the phases arising, if the neutrinos happen to be Majorana particles,ν k ξ k = C ν T k where C denotes the charge conjugation, ξ k = e iλ k , which guarantee that the eigenmasses are positive. The other entries are: c = cos θ solar , s = sin θ solar determined from the solar neutrino data [4] , [6] - [10] • Solar neutrino Oscillation (LMA solution) is given by:
The analysis of both the neutrino oscillation experiments as well as KamLAND • The Atmospheric Neutrino Oscillation takes the form:
• We conventionally write ∆m • Corrections to disappearance experiments
• The probability for ν e → ν µ oscillation takes the form:
• While the oscillation probability ν e → ν τ becomes:
From the above expression we see that the small amplitude δ term dominates in the case of triton neutrinos (L ≤ L 32 , L 21 = 50L 32 ). In a different notation 4δ 2 ≈ sin 2 2θ 13 In the proposed experiment the neutrinos will be detected via the recoiling electrons. If the neutrino-electron cross section were the same for all neutrino species one would not observe any oscillation at all. We know, however, that the electron neutrinos behave very differently due to the charged current contribution, which is not present in the other neutrino flavors. Thus the number of the observed electron events (ELEV ) will vary as a function of L/E ν as follows:
where
(ν α is either ν µ or ν τ ). In other words χ represents the fraction of the ν e -electron cross-section, σ(ν e , e − ), which is not due to the neutral current. Thus the apparent disappearance oscillation probability will be quenched by this fraction. As we will see below, see section 3, the parameter χ, for sin 2 θ W = 0.2319, can be cast in the form:
For antineutrinos the previous expression becomes:
We thus see that the parameter χ depends not only on the neutrino energy, but on the electron energy as well, see Figs 3-4. Since in our experiment T is very low there is no essential difference between the two expressions for χ. It interesting to see that, for a given neutrino energy, χ, as a function of T , is almost a straight line. We notice that, for large values of T , the factor χ is suppressed, which is another way of saying that, in this regime, in the case of (ν e , e − ) differential cross-section the charged current contribution is cancelled by that of the neutral current.
In order to simplify the analysis one may try to replace χ by an average valueχ(E ν ), e.g. defined by:χ Then surprisingly one findsχ(E ν ) is independent of E ν with a constant value of 0.42. This is perhaps a rather high price one may have to pay for detecting the neutrino oscillations as proposed in this work. One may turn this into an advantage, however, since the disappearance dip in Eq. 18, in addition to its dependence on the familiar parameters , it also depends on the electron energy. Anyway in the experiment involving a triton target one will actually observe a sinusoidal oscillation as a function of the source-detector distance L with an amplitude, which is proportional to the square of the small mixing angle δ. The relevant oscillation length is given by:
In the present experiment for an average neutrino energy E ν ≈ 13KeV and ∆m 2 32 = 2.5 × 10 −3 (eV ) 2 we find L 32 ≈ 13.5m
In other words the maximum will occur close to the source at about L = 7.5m. Simulations of the above neutrino oscillation involving ν e disappearance due to the large ∆m 2 = 2.5×10 −3 , i.e associated with the small mixing δ, are shown in Figs 5-6. One clearly sees that the expected oscillation, present even for sin 2θ 13 2 . as low as 0.045, will occur well inside the detector. Superimposed on this oscillation one will see an effect due to the smaller mass difference, which will increase quadratically with the distance L.
The above simple neutrino oscillation formulas get modified i) In the presence of a magnetic field if the neutrino has a magnetic moment and/or ii) If the heavier neutrinos have a finite life time. sectionRadiative neutrino-electron scattering The radiative neutrino decay for low energy neutrinos is perhaps unobservable. Radiative neutrino decay in the presence of matter, in our case electrons, is however observable.
ν e (p ν ) + e − −→ ν e (p Figure 5 : Simulation of ν e disappearance due to the large ∆m 2 = 2.5 × 10 −3 (eV ) 2 involving the small mixing angle sin 2θ 13 2 . The parameter χ(E ν , T ) was not included in making the plots. On the left we show results for sin 2θ 13 2 = 0.170 , while on the right we show results for sin 2θ 13 2 = 0.085. One expects to unambiguously see the full oscillation inside the detector with the maximum disappearance occurring around 6.5m. This occurs via the collaborative effect of electromagnetic and weak interactions as is shown in Fig.  7 .
The evaluation of the cross section associated with these diagrams is rather complicated, but in the present case the electrons are extremely non relativistic. Thus in intermediate electron propagator we can retain the mass rather than the momenta by writing (see Fig. 7 ) (p i − k) µ γ µ + m e ≈ 2m e , (p f + k) µ γ µ + m e ≈ 2m e (exact results without this approximation will appear elsewhere). Then after some tedious, but straight-forward, trace calculations one can perform the angular integrals over the three-body final states. Thus to leading order in the electron energy one gets:
whereĒ ν = 13.0 KeV is the average neutrino energy and
sets the scale for this process. This momentum depends on the photon momentum k and the scattering angles. For a given k is restricted as follows:
From the above equations we cam immediately see that this process is roughly of order α down compared to the weak neutrino-electron scattering cross-section. We also notice that the total cross section diverges logarithmically as the photon momentum goes to zero, reminiscent of the infrared divergence of Bremsstrahlung radiation. In our case we will adopt a lower photon momentum cutoff as imposed by our detector. We also notice that σ γ , characterizing this process, is only a factor of three smaller than σ 0 characterizing the neutrino electron scattering cross section due to the magnetic moment. We should bare in mind, however, that:
1. The magnetic moment is not known. σ 0 was obtained with the rather optimistic value µ ν = 10 −12 µ B , which is two orders of magnitude smaller than the present experimental limit.
2. One now has the advantage of observing not only the electron but the photon as well.
Integrating over the electron energy we get:
Integrating this cross-section with respect to the photon momentum we get:
with the energy cutoff E cutof f determined by the detector. We have considered in our discussion only electron targets. For such low energy antineutrinos the charged current cannot operate on hadronic targets, since this process is not allowed so long as the target, being stable, is not capable of undergoing positron decay. The neutral current, however, can always make a contribution.
Summary and outlook
The perspective of the experiment is to provide high statistics -redundant, high precision measurement and minimize as much as possible the systematic uncertainties of experimental origin, which could be the main worry in the results of existing experiments. The physics goals of the new atmospheric neutrino measurement are summarized as follows:
1. Establish the phenomenon of neutrino oscillations with a different experimental technique free of systematic biases. The oscillation length, associated with the small mixing angle sin θ 13 in the electronic neutrino, is fully contained in our detector. Thus one hopes to measure all the oscillation parameters, including the small mixing angle, clarifying this way the nature of the oscillation mechanism.
2. A high sensitivity measurement of the neutrino magnetic moment, via electron neutrino scattering. At the same time radiative electron neutrino scattering will be investigated, exploiting the additional photon signature.
3. A precise measurement of sin 2 θ W at very low momentum transfer, difficult to achieve in other experiments. 4 . A new experimental investigation of neutrino decay.
5. Other novel improvements of the experimental sensitivity are possible and must be investigated.
The benefit of increasing the gas pressure of the detector, which leads to a proportional increase in the number of events, must be investigated.
6. The estimates presented above correspond to a year of data taking. In our experiment, however, in addition to increasing the pressure, there is no problem in increasing the data taking period up to 10 years or even longer, increasing our statistics accordingly. Thus the prospect of reaching 100000 detected events is quite realistic. This significant increase of the event rate is definitely going to be a great step forward towards improving the experimental accuracy and reducing the impact of background uncertainties.
